SUMMARY There is increasing evidence that blood pressure (BP) screening during adolescence may detect early evidence of hypertensive disease. Choice of instrumentation becomes important to maximize the accuracy and interpretive value of several serial readings. We therefore conducted two studies of adolescents, comparing auscultatory (Baumanometer and Random-zero), ultrasonic (Arteriosonde 1216), and infrasonic (Physiometrics SR-2) devices. These instruments were compared serially (Study 1) for older adolescents (n = 48). The Baumanometer, Arteriosonde 1216, and Physiometrics SR-2 were compared both serially and simultaneously (Study 2) for younger and older adolescents (n = 24). In both studies, the order of device presentation was completely counterbalanced. In Study 1, reliability estimates were high (r > 0.65), with the exception of the Arteriosonde 1216 diastolic readings, and the Physiometrics SR-2 yielded significantly lower mean diastolic BP readings than the other devices. Diastolic Phase V readings taken with the Random-zero were significantly higher when the Random-zero was presented at the end of the sequence of instrument presentation. This order of presentation effect is probably attributable to the need for overinflation when using the Random-zero device and may cause an overestimation of diastolic BP in the young. In Study 2, again the Arteriosonde 1216 did not perform reliably in recording diastolic BP. Further, the Physiometrics SR-2 device, although reliable, yielded diastolic readings significantly lower (p < 0.001) than diastolic Phase IV readings taken both serially and simultaneously. The oversized, rigid cuff recommended for use with the Physiometrics SR-2 yielded lowered systolic BP readings if the subject's arm circumference was small (< 23.5 cm). We concluded that none of the devices tested against the conventional manual mercury sphygmomanometer could be accepted unequivocally at this time as a substitute in screening adolescents for high BP. (Hypertension 6: 85-91, 1984) KEY WORDS • blood pressure determination • blood pressure measurement • blood pressure instrumentation • comparative study • children • adolescents * cooperative study B OTH physiological and measurement error factors affect the indirect measurement of blood pressure (BP) in children and adolescents.' BP levels are affected physiologically, for example, by postural position, emotional state, urine retention, and exercise.
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HYPERTENSION VOL 6, No 1, JANUARY-FEBRUARY 1984 automated devices. 49 Few automated devices have proved sufficiently reliable to be useful for screening. 349 The question of instrument performance among adolescents has not been thoroughly studied; 10 
"
12 nevertheless, accurate and regular assessment of BP throughout childhood and adolescence is recommended to detect persistent elevated BP. 13 This paper reports the results of two controlled studies, comparing BP measurement devices, which were undertaken at the start of the Philadelphia Blood Pressure Project (PBPP) to determine which instruments ought to be incorporated into the PBPP protocol to maximize the accuracy of BP data collection for adolescents aged 11 to 17 years. 14 
Methods
Four instruments were compared in these two studies: the Baumanometer, the Random-zero sphygmomanometer (Gelman-Hawksley), the Arteriosonde 1216, and the Physiometrics SR-2 (Sphygmetrics). The Baumanometer is a conventional mercury-gravity sphygmomanometer, 15 used with standard-sized Velcro compression cuffs (V-lok) selected on the basis of arm circumference. 16 The compression cuff is inflated manually to about 30 mm Hg above the expected systolic BP level and then allowed to deflate at the rate of 2-3 mm Hg/heartbeat. Changes in the Korotkoff sounds are noted, and the corresponding pressures taken to represent systolic and diastolic BP. Systolic (Phase I), and diastolic Phase IV (muffling) and/or Phase V (disappearance) are usually recorded.
The Random-zero sphygmomanometer is operated identically to the Baumanometer, including the utilization of the standard-sized Velcro cuffs. 17 However, to minimize terminal digit preference and examiner bias, the Random-zero allows for the random and blind resetting of the zero level from approximately 0-60 mm Hg. Therefore, the compression cuff must be inflated to at least 80-100 mm Hg above the expected systolic level to compensate for an unknown zero level.
The Arteriosonde 1216 measures systolic BP by recording the pressure at which arterial wall vibrations cause a Doppler shift, 18 which is picked up by ultrasonic waves emitted from a transducer installed on a soft Velcro compression cuff. The shift first occurs when the cuff pressure equals that inside the brachial artery (systolic BP). Diastolic BP is recorded when the arterial wall vibrations are sensed to diminish. The Arteriosonde 1216 is equipped with an automatic, timed inflation and deflation system, but in this study the device was started manually and deflated at a standard rate of 4-5 mm Hg/second, usually comparable to the 2-3 mm Hg/heartbeat used with manual devices. Both adult and pediatric transducers are available for use. BP levels are read from two mercury columns that lock at the systolic and diastolic levels, and the columns are designed to stay locked until the machine is either reset or another reading is taken.
The Physiometrics SR-2 does not measure Korotkoff sounds directly, but infrasonically detects the oscillations in the arterial walls that have been shown to produce the Korotkoff sounds. 19 The Physiometrics SR-2 is operated with a manual inflation system and automatic deflation system, which was set to 4-5 mm Hg/sec in this study. BP is recorded and read from a calibrated circular paper disk. 19 The Physiometrics SR-2 comes equipped with an oversized, rigid cuff, recommended for use when subjects are ambulatory, and no subject size restrictions are given for the oversized cuff. Soft cuffs are available in various sizes for other applications. In this study, as in others, 10 ""-20 " 21 the rigid cuff was used at all times.
The first study, Study 1, compared the four instruments in a counterbalanced serial order, in a sample of 48 older adolescents. There were 24 males (15.1 ± 0.94 years) and 24 females (13.6 ± 1.42 years). Three serial readings were taken with each instrument, in a predetermined order of instrument presentation. The 24 different orders of presentation (4 factorial) were completely counterbalanced, 22 so that an equal number of adolescents of both sexes had, for example, the Arteriosonde 1216 presented first and the Randomzero presented last.
Correlation coefficient estimates, as a measure of relative instrument reliability, were computed by averaging pairwise correlation coefficients between the three serial readings for each instrument. This method of estimating reliability, based on pairwise comparisons as opposed to intraclass correlation, was used because of our concern that first readings would differ from subsequent readings. 23 Concurrent validity was estimated by computing the average of subjects' three serial readings for each instrument and then correlating these averages between pairs of instruments. Two-and three-way analyses of variance were used to determine any significant differences among the readings that were taken by the three instruments, systematic effects of the order of instrument presentation, effects of sex, and to control for interindividual differences in BP level. Post hoc procedures 22 were used to determine if there were statistically significant differences among instruments.
Study 2 was designed to compare three instruments, the Baumanometer, Arteriosonde 1216, and the Physiometrics SR-2, both serially and simultaneously. The design was again counterbalanced, yielding six (3 factorial) orders of instrument presentation, but whenever an automated BP device was presented, it was connected to a Baumanometer with a "T" joint and simultaneous BP readings were taken independently by auscultation. A similar technique was used by van den Berg" to compare the Physiometrics SR-2 with an auscultatory device.
Twenty-four subjects each had a total of nine Baumanometer readings recorded: three alone, three simultaneously with the Arteriosonde 1216, and three simultaneously with the Physiometrics SR-2. Three BP readings were recorded using the Arteriosonde 1216, and three were recorded with the Physiometrics SR-2. The automated machines were allowed to dictate the rates of inflation and deflation. To determine if there was an effect of age and body size, both older and younger (prepubertal males and premenarcheal females) adolescents were measured. The mean age for the older males was 15.2 ± 1.02 years (n = 6), for the younger males 12.9 ± 0.84 years (n = 6). The older females averaged 15.9 ± 1.42 years (n = 6), the younger females 12.8 ± 0.56 years (n = 6). Statistical analyses for Study 2 were then run comparable to Study 1.
The adolescents in both studies were selected randomly from the black adolescent sample being examined by the PBPP, 14 and no subject selected refused participation. No subject had a history of high BP or any other known medical condition affecting BP status. All BP measurements in both studies were taken by the same trained examiner, who was trained initially using a double-listening stethoscope and then by standardized BP training films.
14 " Adolescents whose maximum arm circumferences were less than 23.5 cm were measured using a pediatric cuff (9 cm width). All others were measured using a standard adult cuff (12 cm width). This is consistent with the recommendation that the cuff be 20% wider than arm diameter. 16 The exception was that the same oversized rigid cuff was used for all measurements made with the Physiometrics SR-2, including the simultaneous Baumanometer readings in Study 2, regardless of arm circumference.
BP was measured after the subject had rested supine for 10 minutes. Measurements were taken at 1-minute intervals on the right arm with the subject supine. Systolic and diastolic Phases IV and V BPs were recorded for each Baumanometer and Random-zero reading. Systolic and a measure of diastolic BP were recorded for the Arteriosonde 1216 and the Physiometrics SR-2.
Results

Study 1: Serial Comparisons Among Four Instruments
For systolic BP, within device reliability estimates were uniformly high (r > 0.75), with the reliabilities for the Baumanometer (r = 0.90) and the Physiometrics SR-2 (r = 0.91) being the highest. The concurrent validity estimates were also high (r > 0.70), except for the Physiometrics SR-2 ( Table 1 ). The mean systolic Baumanometer readings for females (Table 2) were significantly higher (p < 0.01) than the systolic readings taken with the Physiometrics SR-2, and even accounting for instrumentation differences, males had higher systolic BP readings than females (p < 0.001).
A similar pattern of results was obtained for diastolic Phase IV BP, although both reliability and concurrent validity estimates were lower than for systolic BP ( Table 1 ). The mean diastolic BP levels obtained for the Arteriosonde 1216 were not significantly different 
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•Significantly lower than means for other instruments at p < 0.01. tSignificantly higher than mean for Physiometrics SR-2 at p < 0.01. from Phase IV diastolic BP measured by auscultation, but neither the Random-zero measures of Phase IV diastolic BP nor the Arteriosonde measures were highly correlated with the Baumanometer readings. The Physiometrics SR-2 measures of diastolic BP did not correlate with those of the auscultatory and ultrasonic devices, and the mean levels were significantly lower (p < 0.01) than the diastolic phase IV readings for the other devices (Table 2 ). There were no significant mean differences for diastolic Phase V readings between the two auscultatory devices.
We also sought to determine if there were systematic effects of the order of instrument presentation. The only device for which order of presentation was significant was the Random-zero. When the Randomzero was presented at the end of the counterbalanced sequence (third or fourth), the diastolic Phase IV readings taken with the Random-zero tended to be higher. The difference (Table 3) between readings taken at the beginning of the sequence (first or second) and those taken at the end was 5 mm Hg for diastolic Phase IV (p < 0.06). There was a highly significant difference of over 10 mm Hg for diastolic Phase V (p < 0.002). Thus, diastolic BP was being overestimated when the Random-zero was used after 6-9 readings had already been taken with other devices. There were no differences for the other instruments' measures of diastolic BP or in systolic BP by order of instrument presentation. Reliability estimates for systolic BP were again uniformly high (r > 0.75) in Study 2 ( Table 4 ). The highest reliability estimate (r = 0.96) was, in fact, obtained for the Physiometrics SR-2. On the other hand, the concurrent validity estimates were relatively lower for the comparison between the two automated devices (Table 4) , and the Physiometrics SR-2 systolic readings were significantly lower (p < 0.001) overall (Table 5) . Equally interestingly, a comparison among Baumanometer readings indicated that those taken simultaneously with the Physiometrics SR-2 were also significantly lower (p < 0.001). Since the only methodological difference among Baumanometer readings was that the oversized rigid cuff was used with the Physiometrics SR-2 and there were more young adolescents in the second sample, these results suggested that the oversized cuff used with the Physiometrics SR-2 may be contributing to the lower BP readings obtained with this instrument. The oversized cuff may also have accounted for the lower Physiometrics SR-2 systolic BP readings among females in Study 1, since the females in Study 1 were younger and slighter than the males.
For diastolic BP, both the reliability and concurrent validity estimates were lower than the systolic estimates for all comparisons. Although the reliability estimates were high (r > 0.70), the Arteriosonde 1216 yielded a reliability estimate (r = 0.53) somewhat lower than the other two instruments or its simulta- TABLE Diagonal elements (underlined) are reliability estimates based upon average correlation coefficients between pairs of readings for each instrument. The concurrent validity estimates are correlation coefficients between the average readings for pairs of instruments.
Correlation Coefficient Estimates of Instrument Reliability and Concurrent Validity of Readings for Study 2 -24 Adolescents, Instruments Compared Serially and Simultaneously
Baumanometer
*These Baumanometer readings were taken simultaneously with an automated device. neous Baumanometer readings ( Table 4 ). The mercury column for diastolic BP failed to hold at the diastolic level several times after initially locking because of subject movement. Consequently, concurrent validity estimates for the Arteriosonde 1216 device were also low. Similar problems with the Arteriosonde 1216 have been reported by Labarthe et al. 9 in their study of adults.
Both the mean Physiometrics SR-2 and simultaneous Baumanometer diastolic readings were significantly lower (p < 0.002) than either the other Baumanometer readings or the readings taken with the Arteriosonde 1216 (Table 5 ). However, the validity estimates between the Physiometrics and other devices were higher in this study than in Study 1. The mean of the Physiometrics SR-2 diastolic readings (58.6 ± 6.7 mm Hg) was again significantly lower (p < 0.001) than the mean of the Phase IV diastolic readings (67.8 ± 5.8 mm Hg) taken simultaneously with the Baumanometer. The Physiometrics SR-2 diastolic readings averaged 9 mm Hg lower.
No systematic effects of the order of instrument presentation were found in Study 2, but there were effects of sex and age. That is, the Physiometrics SR-2 and simultaneous Baumanometer readings were the lowest among the younger adolescents. Such effects were not found for the other instruments. While only one of the older adolescents was measured using a pediatric cuff (9 cm width), 10 of the 12 younger adolescents required the pediatric cuff, suggesting once again that the Physiometrics SR-2 oversized cuff may be a factor contributing to the significantly lowered readings.
We therefore compared Baumanometer readings (auscultatory), grouping the sample by Baumanometer cuff size used for the Baumanometer and Arteriosonde 1216 ( Table 6 ). The mean age for the 11 subjects (5 males, 6 females) requiring a pediatric cuff was 13.1 ±0.82 years, for those requiring an adult cuff 15.1 ± 1.67 years. The mean arm circumference for those requiring an adult cuff was 25.7 ± 2.5 cm (range 23.5-31.9), for those requiring a pediatric cuff 20.2 ± 1.1 cm (range 18.8-21.7). The systolic readings taken by auscultation simultaneously with the Physiometrics SR-2 were significantly lower (p < 0.002) in the group requiring a pediatric cuff. When an adult cuff was called for, the means for systolic BP were not significantly different (Table 6 ). All diastolic readings taken simultaneously with the Physiometrics SR-2 were significantly lower. Since the Physiometrics rigid cuff was the only methodological difference among Baumanometer readings, we concluded that the rigid cuff may cause BP to be underestimated in subjects with small arm circumferences. •Significantly lower by analysis of variance at p < 0.01. tSignificantly lower at p < 0.002. fThe same oversized rigid cuff was used for all readings taken by and with the Physiometrics SR-2, but the means represent the same individuals as grouped using the soft cuffs.
Discussion
It should be noted first that the readings taken were all supine readings. Although a number of epidemiological studies of children and adolescents have used the supine position for measuring BP, 24 " 26 the most recent recommendations are that BP be assessed in the seated position. 13 BP readings, especially diastolic BP readings, taken with subjects supine are more variable, and in this population diastolic Phase V is relatively closer to Phase IV in the seated position. 23 The added variance in BP, contributed by our choice of postural position for assessing BP in these methodological studies, 27 may account for some of the differences among instruments, especially for the Physiometrics SR-2 diastolic readings. In general, however, our comparative results for adolescents are consistent with other studies of children and adults where BP was measured seated.
9 "" Second, the performance 3 of the instruments was evaluated in light of their potential use in screening adolescents for high BP. We were particularly concerned with maximizing our ability to assess BP status reliably and accurately. This is particularly important since the changes during puberty, such as rapid increases in height and weight in both sexes and systolic BP in males during adolescence, 23 have been shown to confound the tracking of BP that has been reported for children and adults. 14 Of the instruments tested, the Random-zero yielded results closest to those obtained with the Baumanometer. However, using the Random-zero, an additional source of potential error was introduced, i.e., the overinflation needed to compensate for an unknown zero level. The level of inflation can be as much as 60-70 mm Hg above the level otherwise required. Labarthe et al. 9 have reported anecdotally that one of their adult subjects acquired marked ecchymosis beneath the cuff when using the Random-zero device. Likewise, although none acquired ecchymosis, several of our adolescent subjects complained that some of the Randomzero readings were painful, especially if the zero level were actually near 0 mm Hg.
The overinflation associated with using the Random-zero seems to be a problem mainly in measuring diastolic BP and when a series of readings is taken. It is not surprising, therefore, that this effect has not been reported previously. In our study, 6-9 readings were taken before there was a significant statistical effect of using the Random-zero device. Arterial fatigue coupled with overcompression probably account for this effect on diastolic BP. Overcompression is not likely to affect systolic BP unless the readings are so painful that heart rate is increased, but using the Random-zero device does introduce the possibility of overestimating diastolic BP.
The Arteriosonde 1216 performed the most unreliably in recording diastolic BP, although its performance in recording systolic BP was considerably better. The failure of the mercury column to lock securely at the diastolic level and its sensitivity to subject movement presents difficulty for screening purposes. However, if this instrument is used principally to monitor BP at close and regular time intervals and no great weight is attached to any one individual reading, then its performance could be judged more than adequate. Little overall mean difference was found between the Arteriosonde 1216 readings and those obtained by auscultation. In a study of children and young adolescents comparing an Arteriosonde instrument with intraarterial measures of BP, 12 the Arteriosonde measurements were also found to compare favorably in terms of accuracy, suggesting that reliable automated ultrasonic devices would be useful for screening.
The Physiometrics SR-2 presents the greatest problem in terms of evaluating its utility. It yields consistently reliable readings, but there are at least two problems in using this device: 1) the oversized cuff recommended for use with the Physiometrics SR-2 underestimates BP relative to auscultatory readings if the subject's arm circumference is small, as is frequently the case with children and young adolescents; and 2) although measures of supine diastolic BP are obtained reliably, their absolute values are significantly below the diastolic Phase IV BP levels obtained using either mercury manometers or an ultrasonic instrument. In our study, the Physiometrics SR-2 diastolic values taken supine seemed to lie somewhere midway between the fourth and fifth Korotkoff sounds. According to van den Berg," the Physiometrics SR-2 diastolic readings were significantly below seated measures of Phase IV but closer to Phase V for older adolescents and adult women. Fortmann et al. 21 has reported difficulties in evaluating the Physiometrics SR-2 readings of diastolic BP in adults, particularly when their subjects were lean, indicating again that the oversized cuff may underestimate BP in individuals with small arm circumferences. Two other studies have also found for children that the diastolic BP recorded using an infrasonic device was lower than the diastolic Phase IV readings measured by auscultation 10 or intra-arterially. 12 The first problem associated with using the Physiometrics SR-2, that of the oversized cuff, could be easily circumvented by substituting soft, variably-sized cuffs for the oversized rigid cuff, although no epidemiologic study to date has used soft cuffs with the Physiometrics instrument. To solve the second problem, however, would require the construction of a new set of diastolic BP standards and interpretive studies based on Physiometrics SR-2 readings. Consequently, the potential use of this device in screening is limited at this time. The fact that the oversized, rigid cuff appears to yield lowered BP readings in children and adolescents with small arm circumferences should be taken into consideration when comparing BP results using this rigid cuff to those from epidemiologic studies where auscultatory methods were employed. I8W -26 In conclusion, none of the devices tested against the Baumanometer, a conventional mercury sphygmomanometer, could be accepted unequivocally as a substitute for the manual mercury manometer in screening adolescents for high BP. The Random-zero device, also a manual manometer, compares favorably but introduces another source of error, especially when measuring diastolic BP, in requiring sometimes extreme overinflation. This drawback must be weighed carefully against tendencies toward examiner bias in measurement, such as terminal digit preference. Careful and thorough examiner training may eliminate the need for a random-zero device.
The Arteriosonde 1216 is undoubtedly useful in monitoring BP, but was not sufficiently reliable to be used in screening where accurate assessment depends on only two or three serial readings. The Physiometrics SR-2, on the other hand, is extremely reliable but suffers from two drawbacks. The oversized cuff, when used on those with small arm circumferences, seems to be responsible for yielding lower readings. Also, the Physiometrics SR-2 measure of diastolic BP consistently falls below the fourth Korotkoff sound, which presents problems in determining BP status with reference to published standards. 13 Consequently, in this study of four instruments, we found that the best device for use in screening adolescents is at this time a conventional mercury manometer in the hands of a well-trained and standardized examiner.
